The wettability of 6-nylon was investigated by the capillary rise and streaming potential methods as a function of pH in the absence and presence of surfactants.
Introduction
The fundamental investigations of wetting at solid-liquid interfaces are useful for appli cation works on detergency, fabric finishing, adhesion, lubrication and so on'". Solid polymers, in particular nylon polymers, show the characteristic' difference in wetting by their crystalline structures and molecular orienta= tionsa'. The general features of wetting for the nylon polymers are as follows$}:
1) The wettability of the nylon polymers decreases and asymptotically approaches that of polyethylene with increasing average carbon number per unit amide group.
2) The wettability of even number nylon homolog is lower than that of odd number iylon homolog.
3) The critical surface tension, defined by Zisman's plot of contact angle cosine versus liquid surface tension, of the nylon polymers varies from 43 to 28 dyn/cm depending on the kind of the polymers.
The nylon polymers have characteristic isoelectric points in the region of pH 459'. Hence, it is expected that the surface tension and wettability of the polymers are dependent upon pH. In the present study, 6-nylon as a model nylon polymer is selected and the wet tability of 6-nylon film coated on the inside wall of glass capillary is studied by both the capillary rise related to the contact angle and electrokinetic methods as a function of . pH in the absence and presence of surfactants.
Experimental 21 Materials
Nylon fibers (6-nylon, 210 denier, YUNI TIKA Co., Ltd.) were purified by extraction of impurities with distilled water, ethanol and ether, succesively. Sodium dodecyl sulfate (SDS) and dodecyltrimethylammonium chloride (DTAC) which were extrapure reagents supplied by Nakarai Chemicals and Tokyo Kasei were used without further purif ications. The critical micelle concentrations, cmc, of SDS and DTAC determined by surface tension measurements using the ring method were 7.8 x 10-3 and 1.3 x 10-2 mol/dm3, respectively, at 20°C. The respective cmc value of SDS in the presence of 1 x 10-3 and 1 x 10-1 mol/dm3 KCl was 1 x 10-3 and 3 x 10-mol/dm3, and that of DTAC at the same concentration of KCl was 2.75 x 10-3 and 5.6 x 10-mol/dm3 at 20°C. There was no appearance of minimum surface tension near cmc of SDS or DTAC. Deionized water was distilled twice in all Pyrex glass apparatus, which was used throughout present experiments.
2.2 Preparation of glass tubes coated with 6-nylon Glass tubes of inner radius 0.2 mm and length 20 cm were initially cleaned by soap reagent Clean 99 (Clean Chemicals), rinsed with running water, soaked in chromic acid, thoroughly rinsed with distilled water and then rinsed twice with ethanol. After drying the tubes in air, the tubes were kept in an incubator in the presence of silica gel.
A nylon solution prepared by dissolving 2 g of 6-nylon fibers in 50 cm8 of 99% pure formic acid was inhaled into a glass tube and was drained from the tube. The same treatments of inhalation and drainage were repeated five times.
After drying the tube coated with nylon it was rinsed with distilled water. The tube was then kept in an incubator at 20°C and RH 65% after passing through the clean air.
The average thickness of nylon film thus formed on the inside wall of glass tube was estimated to be 1±0.1 um by comparison of the volumes of mercury in coated and noncoated tubes each other10' (see Table- 1).
Measurements
of capillary rise A glass tube with nylon coat was mounted normal to the aqueous surface in the same manner as the capillary rise method for mea~-sureing the surface tension".
The aqueous surfactant solutions always contained 0.1 mol/ dma KCl at constant pH values adjusted by HC1 or Na4H.
The aqueous solution was pulled up to a certain height in the glass tube by suction and then released. / The height of the meniscus above a flat surface of the solu tion was attained to the equilibrium after 1.5 to 3 h and measured by a travelling microscope. Surface tensions of the surfactant solutions were also measured by the ring method, sep arately. All measurements were carried out at 20 ± 1°C.
2.4 Zeta-potential measurements Zeta-potentials of nylon fibers at various concentrations of surfactants were measured as a function of pH by the streaming potential method. The working cell for measuring the streaming potential was a cylindrical type one made of Teflon with inner radius 9.5 mm and height 7 mm. Electrodes were gold disks of diameter 30 mm and thickness 0.3 mm. Each electrode had 200 holes of radius 0.5 mm. A skein of nylon fibers prepared in a test solu tion was packed in the cell and kept in contact with the test solution under a reduced pressure for 24 h. The streaming potential, E, was recorded by a automatic X-Y plotter (YEW type 3071) in the function of the pressure difference, p12), From the slope of the linear relation between E and P indicating the laminar flow of the solution in the cell, the zeta-potential, (, was calculated by the relation:
( 1) where rj and c are the viscosity and the dic electric constant of the solution and A is the specific conductance of the solution, which was separately measured by an AC bridge (Shi madzu conductmetric meter type CM-30) imc mediately after the streaming potential mea surements. The pH values were measured using Hitachi-Horiba pH Meter type F-5. The effect of pH on the height of meniscus devided by the surface tension of solution, h/r, in noncoated and nylon coated glass tubes in the absence of surfactant. The h/r versus pH curves at various SDS concentrations. The h/r versus pH curves at various DTAC concentrations. height of, meniscus in the capillary, h, is given byl1': h=2 r cos8/rd pg (2) where is the surface tension of solution, r the radius of capillary, zip the density differ ence between solution and gas phases, g the acceleration due to the gravity and-8 the con tact angle. Since r, g and zip are constant in the present study, the experimental data give information about B by the relation: cos 8 oc h/7-, (3) here 8 is the receeding contact angle at the nylon-aqueous solution-air boundary.
As shown in Fig. -1 , the minimum h/y value was found in the region of pH 4 to 5 near pH== 4.8 for the nylon. There are two possibilities to explain the minimum value. One is the swelling of nylon film, which brings about the decrease in capillary radius. The other is the dependence of contact angle on the change in interfacial tensions of nylon. In the former case, if the degree of swelling is less at pH= compared with the region pH> pH= or pH<pH=, the minimum of h/r will be found at pH=. To explain the minimum h/r value by swelling of the nylon film, the film thickness at pH> pHi or pH <pH= must be about 6 times larger than that at pH;. This seems to be practically unreliable, for the degree of swelling of 6-nylon fiber is 1.18-1. 35 and 1.16 times for aqueous sodium chloride solutions at pH 3.8^8.3 and aqueous SDS solution below cmc, respectively1""4'. In the latter case, for example, an air bubble attached to mercury surface in an aqueous solution has the maximum contact angle at the maximum interfacial tention which corre sponded to the zero charge density of mercury 15',is' . The maximum contact angle has been also found on AgI surface at the point of zero charg&7'. These are due to a force balance between the surface tension of mercury or silver iodide and the surface 'tention of aque ous solution times contact angle cosine plus the interfacial tension of mercury or silver iodide. In other words, the interfacial tension of Hg or AgI increases with decreasing sur=-f ace charge density, which makes the less adsorption of ions on surface and is evident from the electrocapillary curves. The increase of interfacial tension leads to the increase of contact angle making a major contribution of the surface tension of solution, for the surface tension of Hg or AgI in the presence of the film of moisture in the air bubble acts as the counter force is practically unaffected by the surface Charge density.
For this reason it is necessary to make a relation between contact angle and surface charge density for the nylon surface.
The charge density, q, of the nylon surface at the Stern plane is calculated by the Gouy's equa= tion, which is given byi3' : q=11. 74(Ce)"2 sinh(19. 46 z?') (4) where q is in microcoulombs per cm2, Ce the concentration of electrolyte in moles per dm3, P the potential in volts and z the ionic valence. This equation is valid for aqueous solutions at room temperature.
Taking the approximation as ? = (, we can estimate q values in the function of pH and the contact angle is calcu lated from equation (2) independently. The appearance of maximum contact angle is found near charge zero, indicating the presence of the force balance at the interface.
4.2 Wettability of 6-nylon in the persence of surfactants In general, the adsorption of surfactant to charged surfaces is governed by the electron chemical interaction.
The interaction consists of electrostatic and chemical components. When the surface activity of the surfactant is high and the chemical interaction to the surfaces is predominant more than the electrostatic one, Fig.-5 The effect of surface charge density of nylon on contact angle in the absence of surfactant.
the specific adsorption of the surfactant to the surfaces takes place. In the case of [SDS] = 1 x 1O-$ mol/dm3, as evident from Figs,-2, 3 and 4, the original surface of nylon at pH < pH= is neutralized by dodecyl sulfate (DS) ions adsorbed due to electrostatic interaction. This makes the hydrophobic nylon surface and hence leads to the decrease of surface tension of the nylon. The change of force balance at the interface thus gives the increase of contact angle at the boundary together with the decrease of the interfacial tension at the nylon-solution interface.
At pH > pH= the same sign of charge between the nylon surface and DS ions prevents the adsorption of DS ions by electrostatic repulsion and the original nylon surface is maintained, no change in contact angle being. For [SDS] ? 1 x 10'S mol/dma and
[DTAC]> 1 x 10-g mol/dm8, the contact angle is always lower than that for the original nylon surface and decreases with the increase of surfactant ions adsorbed specifically against to the electrostatic interaction.
The increase of adsorption amount of the ions with the orientation of hydrophobic tail to the nylon surface and head group to the bulk phase causes more hydrophilic surface and higher surface tension of the surface and hence the low contact angle appears by the force balance at the boundary.
These are summarized in Fig.-6 as the variation of contact angle with surface charge density of nylon in the presv ence of SDS or DTAC. Here q was calcu laced using equation (4) by assuming no change of contact potential on nylon surface due to adsorption of the surfactants. The increase of surface charge density by the specific adsorption of surfactant ions (even at the same sign of chargee each other) gives rise to the increase in hydrophilicity, which leads to the decrease in contact angle. 4.3 Adsorption , of surfactants and free energy: The specific adsorption of surfactant ions onto nylon at its iso-electric point depends on the chemical free energy. Hence the free energy or adsorption amount, of the ions is a measure to estimate the hydrophobicity or hydrophilicity of the nylon surface. As men tioned above, when the water dipole in the Stern plane has no structure change by adc sorption of surfactant ions, the change of q at pH= with the concentration of surfactant is directly related to the adsorption of the ions. The assumption of monolayer adsorption of the ions in the plane makes the relation; X = q/eNa (5) and c/X =1/Xc,k+c/X~ (6) where X and X~ are the adsorption and satz urated adsorption amounts of surfactant ions, e the elementary charge, Na the Avogadro number, k the equilibrium constant of adsorp~ Lion and c the concentration of surfactant. Equation (6) equilibrium constant of adsorption, k, is related to the work (chemical free energy, 4G) done to move one mole of ions from the bulk to surface19' : k= exp(-4G/RT)/55. 6 where R is the gas constant and T the absoc lute temperature.
The 4G values thus ob tamed are given in Table-2 together with other parameters of k, Xcj,, the occupied area of the surfactant ion A (=1 /X~Na), and h/1. There is little difference between the values of X~, and hence A, for SDS and DTAC. Whereas the value of 4G for DTAC is larger than that for SDS. This shows that DTA ions are more specifically adsorbed on nylon surface, and hence the contribution of DTA ions to wettability of nylon (the decrease of contact angle) is larger than that of DS ions (Fig.-6 ).
Conclusion
The height of meniscus h in glass tubes coated with 6-nylon was measured by the capillary rise method as a function of pH in the absence and presence of anionic or cationic surfactant. In the absence of the surfactant, the contact angle estimated using h values showed the maximum value near the iso-electric point, pHi, which was determined by the streaming potential measurements. The maxiv mum contact angle near pHi could be explained by the force balance at the interface.
In the presence of the surfactants the contact angle decreased with increasing surface charge density. This was due to the increase in hydroy philicity contributed by the specific adsorption of surfactant ions. The effect of dodecyltric methyl ammonium chloride on the increase in hydrophilicity was larger than that of sodium dodecylsulfate, which agreed to the magnitude of the adsorption free energy.
